A ctivation of the sympathetic nervous system in patients with congestive heart failure is one of several important compensatory mechanisms for the preservation of blood flow to critical tissues. In failing myocardium of patients with congestive heart failure from systolic dysfunction, downregulation of myocardial 3,I-adrenergic receptors,1 uncoupling of f32-adrenergic receptors2 and a corresponding loss of 83-adrenergic responsiveness3 is consistent with chronic exposure to excess catecholamines. 4 In failing human heart, the origin of the increased adrenergic drive is norepinephrine derived from myocardial adrenergic neurons. 4 Paradoxically, myocardial norepinephrine is depleted in failing heart,5-7 apparently due to a profound decrease in norepinephrine reuptake.8-11 The combination of a marked decrease in neuronal uptake and to a lesser degree a decrease in norepinephrine release'1 leads to both an increase in interstitial/synaptic cleft norepinephrine and a depletion of neuronal norepinephrine because reuptake of released norepinephrine is the major determinant of synaptic cleft concentrations and is a major contributor to neuronal stores.4 It is probable, therefore, that myocardial norepinephrine depletion relates to the increase in adrenergic drive that characterizes failing human heart. This increased drive, defined as a coronary sinus norepinephrine level higher than arterial,12'13 is useful for short-term support of failing heart but produces ,3-receptor desensitization when present chronically. 4 The purpose of this study was to measure myocardial adrenergic neurotransmitters and ,B-adrenergic receptor levels in nonfailing and failing human ventricular myocardium to test the hypothesis that in failing heart, norepinephrine depletion occurs in response to increased adrenergic drive. If this hypothesis is true, then both norepinephrine and its 
Catecholamine Assay
Tissue concentrations of norepinephrine, epinephrine, and dopamine were determined using the radioenzymatic method of Peuler and Johnson.14 Commercial kits were obtained from Amersham.
Neuropeptide YAssay
Levels of NPY were determined as described by Hanson and Lovenberg,15 with some modifications. Tissue samples (average weight, 50 mg) were thawed, minced, and boiled in 0.01 normal HCI for 10 minutes. The tissue was then homogenized and separated into two aliquots, one for protein assay and the other for NPY radioimmunoassay. The latter was centrifuged for 30 minutes and the supernatant was removed, frozen, and lyophilized. The lyophilized tissue samples were reconstituted in 250 ,ul of phosphate-buffered solution plus Triton buffer solution and centrifuged for 30 minutes at 3,500g at 4°C. The supernatant (200 gl) was separated into plastic tubes to which specific antisera (100 gl at 1:160,000 dilution) were added. The assay tubes, together with a series of standard NPY dilutions (5-500 pg per tube, four tubes per dilution), were then incubated for 96 hours at 4°C. 125J NPY labeled with Bolton-Hunter reagent at lysine4 (New England Nuclear), average counts 5,000-6,000/min/100 gl, was then added to each tube and incubated for an additional 48 hours at 4°C. After incubation, dextran-coated charcoal was added to each tube and the resultant mixture was centrifuged for 30 minutes at 4°C. The supernatant was separated and counted in a gamma counter. The amount of NPY in each tube, expressed as picograms per tube, was calculated from the bound-to-reference ratio. The antibody for the assay was developed in the laboratory of one of the authors (G.H.). The antibody was derived from rabbit antisera previously immunized with NPY according to the procedure of Hurn and ChantlerM6 and Suess et al'7 as described by Letter et al.18 The NPY antiserum had less than 1% crossreactivity with all peptides currently recognized The method of analyzing radioligand-unlabeled ligand competition curves has been previously described,' as has the analysis of radioligand saturation curves.',20 Differences between the groups were assessed by Student's t test, with probability of less than 0.05 in a two-tailed distribution being statistically significant. Biochemical data for right versus left ventricles were compared using the Student's t test for paired data. Pooled data for right and left ventricles combined were analyzed using an unpaired t test and analysis of variance. 
Myocardial Catecholamines
These data are shown in Table 1 (mean+SEM) and Figure 1 (individual data points). Data are given for right and left ventricles separately and combined. An overlap between normal and failing ventricles was noted. Norepinephrine concentrations tended to be higher in right than in left ventricles, but the difference did not reach statistical significance. When analyzed as pooled data for both ventricles, norepinephrine concentrations were significantly decreased in failing hearts. Dopamine concentrations in both ventricles, or when analyzed as pooled data, were significantly lower in failing than in control hearts. Epinephrine concentrations, which were notably lower than norepinephrine concentrations in nonfailing hearts, were not different in nonfailing versus failing ventricles when analyzed as pooled data.
Neuropeptide Y Data are shown in Table 1 and Figure 1 . NPY concentrations also tended to be higher in right compared with left ventricles, and the percent differences between nonfailing control and failing hearts were similar to those for norepinephrine. When analyzed as pooled data for both ventricles, NPY concentrations were significantly decreased in failing hearts. Moreover, NPY depletion occurred in proportion to norepinephrine depletion in that the norepinephrine-to-NPY ratio for nonfailing versus failing ventricles was 11.0 and 8.5, respectively (p=0.869).
The ratio of myocardial dopamine to norepinephrine and of dopamine to NPY is shown in Figure 2 . The mean ratio of dopamine to norepinephrine in failing hearts (0.09) was significantly (0.0001) lower than in nonfailing controls (0.45). Likewise, the mean ratio of dopamine to NPY in failing hearts (0.38) was significantly lower than in nonfailing control hearts (2.54).
Myocardial f3-Adrenergic Receptor Density
Data (mean±SEM) for ,3-adrenergic density and ICYP dissociation constant are given in Table 2 .
Compared with nonfailing control hearts, Bma-and f3l-receptor density were significantly decreased, and the proportion of /2-compared with 13-adrenergic receptors was increased. These data are consistent with those previously reported from this laboratory.
The relation between f8-adrenergic density and myocardial catecholamines or NPY using data from nonfailing and failing hearts is shown in Table 3 Discussion The major findings of this study are 1) myocardial norepinephrine, dopamine, and NPY levels in patients with heart failure from idiopathic dilated cardiomyopathy (IDC) are decreased compared with nonfailing controls, 2) myocardial norepinephrine and NPY depletion are positively correlated with f,-adrenergic receptor downregulation, whereas there is no correlation of adrenergic neurotransmitter level to 132-receptor density, and 3) mean ratios of dopamine to norepinephrine and of dopamine to NPY in failing hearts are significantly decreased compared with nonfailing controls.
The mean value for myocardial norepinephrine in nonfailing hearts was consistent with data previously reported for ventricular myocardium of subgroups of patients with normal cardiac function.21-23 A wide range of values in these studies and ours may reflect biological and/or assay variability. In our study, the subgroups from whom nonfailing hearts were obtained were carefully selected to exclude factors that may alter the receptor and/or biochemical characteristics of the myocardial tissue. Thus, hearts procured from organ donors geographically remote from the University of Utah Medical Center, hearts determined to be dysfunctional by virtue of decreased ventricular function by echocardiography, and hearts from patients given intravenous ,3-agonist inotropes were not used for control data. Justification for the inclusion of tissue from heart-lung recipients with primary pulmonary hypertension is based on the observation that the left ventricles from these patients have normal function and /3-adrenergic receptor density compared with their failing right ventricles. 24 Previously reported data pertaining to myocardial dopamine levels in nonfailing human hearts are limited. Maurer25 reported myocardial catecholamine levels in patients with chronic aortic regurgitation. Right atrial tissue was assayed, and control data were obtained from patients with atrial septal defects. On the basis of this study and data derived from animal experiments, normal myocardial dopamine levels have been considered to be less than 10% of norepinephrine concentrations.26 In our study, mean myocardial dopamine level in nonfailing hearts exposed to trace amounts or no intravenous dopamine was 273 ng/g, and mean ratio of dopamine to norepinephrine in these patients was 0.45.
It is possible that the trace amounts of dopamine received just before explantation (average, 0.8 pg/ minx 0.5 hr) affected the myocardial dopamine levels in donor heart controls. In this regard, a comparison of myocardial dopamine levels in these patients with a carefully matched subgroup of organ donor patients with nonfailing hearts who received much larger doses of dopamine before explantation (average dose, 18 ,ug/minx9 hours) revealed a significantly higher level in the latter group (263 +69 versus 422±80 ng/g, p=0.0008, unpublished data). However, the observation that a 20-fold greater dose of dopamine given for an 18-times longer period produces only a 1.6-fold increase in dopamine concentration suggests that the trace amounts of dopamine administered to the study group did not account for the high dopamine/norepinephrine ratio observed. Myocardial norepinephrine in failing hearts of patients with IDC was significantly decreased compared with nonfailing control tissue. Patients with IDC from whom these tissues were obtained were clearly distinguished from normal by clinical and hemodynamic criteria, which were consistent with severe biventricular dysfunction. Total /3-adrenergic receptor density and the proportion of /31-to /32-adrenergic receptors were decreased in the ventricles of IDC patients and were similar to data previously reported by us1-3,20,27 and others. [28] [29] [30] Norepinephrine concentrations in the failing group were consistent with previous reports that norepinephrine stores are depleted in failing heart.5-7 In addition, mean myocardial dopamine concentrations in failing hearts were significantly lower than those in the nonfailing control tissue. Moreover, the ratio of dopamine to norepinephrine (0.09) was also significantly lower in failing hearts (0.09 versus 0.45), and the variation within the group was minimal. This finding is at variance with data previously reported for patients with severe congestive heart failure in which myocardial dopamine levels were normal or increased6'31 and in which there was considerable variation in the dopamine-to-norepinephrine ratio. 6 The rate-limiting steps involved in regulating norepinephrine synthesis in the myocardial adrenergic neuron include hydroxylation of tyrosine, decarboxylation of DOPA, uptake of cytosolic dopamine into the vesicle, and hydroxylation of dopamine to nor- epinephrine. These enzymatic steps were not assessed in this study. However, our data provide indirect evidence against the hypothesis that an abnormality of dopamine conversion to norepinephrine or vesicular dopamine uptake leads to dopamine accumulation631 or that in failing hearts, there is a switch in the rate-limiting step in norepinephrine synthesis from tyrosine hydroxylase to DOPA decarboxylase similar to that reported in the cardiomyopathic Syrian hamster.32 In that regard, it should be emphasized that our data are derived from patients with IDC and as such may not reflect the ratio of myocardial norepinephrine to dopamine found in patients with congestive heart failure caused by other disorders.
Mean myocardial NPY concentration in nonfailing hearts was 108 ng/g. It has previously been established that norepinephrine and NPY coexist in adrenergic neurons and are distinguished by their separate presence in small and large vesicles, respectively.33 In the human heart, NPY-containing neurons have been identified in epicardial coronary arteries and myocardium by immunofluorescent staining methods. 34 There are no previous reports of NPY tissue concentrations relative to myocardial catecholamines. Our data indicate that relative to norepinephrine, NPY is present in nonfailing human myocardium in much lower concentrations and is depleted in failing ventricles. Moreover, the ratio of dopamine to NPY for both nonfailing controls and failing hearts is remarkably similar to the ratio of dopamine to norepinephrine. Given the fact that NPY plasma levels are reportedly increased in patients with left ventricular failure,35 NPY may serve as a useful marker of increased adrenergic drive in patients with this condition.
The mechanism for NPY depletion in failing myocardium is not evident from this study but is probably linked to increased myocardial adrenergic drive. In contrast to norepinephrine, a neuronal uptake system for NPY has not been reported, but local peptidase degradation probably occurs. It is therefore likely that in patients with congestive heart failure, a combination of increased myocardial adrenergic drive and an absent uptake system accounts for the depletion of myocardial NPY.
Total f3-and f,1-adrenergic receptor density was decreased in failing ventricles, and there was a weak but statistically significant correlation with decreased myocardial norepinephrine, dopamine, and NPY but not with epinephrine. In failing human ventricle, it is necessary to reconcile the previously reported observations of decreased norepinephrine uptake and release11 and depleted tissue myocardial norepinephrine5-7 with the data derived from the present study, which suggest that an abnormality of one or more of the rate-limiting steps in norepinephrine synthesis is not responsible for norepinephrine depletion. In this regard, it should be emphasized that published data pertaining to norepinephrine release, uptake1 activity, and number of uptake1 sites reflect cardiac rather than neuronal or synaptic norepinephrine kinetics.
The data on decreased release are based on measurements per unit of myocardium, and if attrition of adrenergic neurons is present,40 it is possible that norepinephrine release per neuron is actually increased. This would be in keeping with data on increased sympathetic fiber discharge in peripheral nerves in heart failure. 41 There is evidence for progressive dropout or loss of hyperfunctioning adrenergic neurons associated with myocardial failure. Such neuronal loss has been documented in cattle42 with right heart failure and in the atria43 and ventricles40 of failing human heart. The neuronal attrition could be related to the local production of 6-hydroxydopamine, a potentially neurotoxic intermediary product in the biosynthesis of norepinephrine.44 Presumably, diffusion of synaptic norepinephrine derived from the remaining hyperfunctioning neuronal units would be sufficient to produce and maintain myocardial 13I-adrenergic downregulation, particularly if norepinephrine uptake1 activity were depressed independent of the decrease in norepinephrine uptake1 sites. Under these circumstances, measurements of myocardial norepinephrine, norepinephrine release, and uptake1 normalized per unit of myocardium would be decreased when in fact, norepinephrine release per unit of neuron and synaptic norepinephrine concentration are increased. However, substantiation of this theory necessitates the identification of potentially toxic norepinephrine metabolites such as 6-hydroxydopamine in failing myocardium.
Conclusions
Our data indicate that 1) norepinephrine stores are depleted in failing human ventricles in the absence of an abnormality of dopamine conversion to norepinephrine, 2) depleted norepinephrine stores correlate weakly with decreased 13I-adrenergic receptor density consistent with the hypothesis that ,B1-adrenergic receptor downregulation in the failing human heart is related to increased cardiac-derived norepinephrine, and 3) myocardial NPY depletion may be a helpful marker of increased adrenergic drive in patients with congestive heart failure.
